The hedgehog tenrec, Echinops telfairi, has certain basal mammalian features, like a cloaca and a sparsely differentiated brain with smooth cerebral hemispheres. The peripheral auditory capabilities of this species were investigated by means of distortion product otoacoustic emissions (DPOAE). For comparison, we determined auditory evoked potentials (AEP) in the inferior colliculus and the auditory cortex. Both methods show that the auditory range of E. telfairi extends well into ultrasonic frequencies, with a region of highest sensitivity at around 16 kHz. The total auditory range spans about 4 octaves at 40 dB SPL. The low-frequency limit of auditory processing is found at frequencies of about 2-3 kHz. The DPOAE and the AEP thresholds of E. telfairi do not run fully parallel in the high-frequency range. For a threshold value of 40 dB SPL, cochlear mechanical thresholds as measured with DPOAE extend up to 50 kHz, whereas neuronal thresholds reach the highfrequency limit at about 30 kHz. Frequency tuning, as assessed from DPOAE suppression tuning curves, was low to moderate with Q 10dB values ranging from 1.7 to 8. The lack of discontinuity in the group delay (derived from DPOAE measurements) reveals that cochlear frequency representation is tonotopic without any region of specialized mechanical tuning.
INTRODUCTION
Tenrecs are of the order insectivora, which is a rather ancestral group of eutherian mammals. It is argued that insectivores have retained primitive features and thus are closer to the ancestral stock than species of other living mammalian orders (see Springer et al. 1997) , and that the study of insectivora brain organization provides insight into the brain of early ancestors of eutherian mammals (Stephan et al. 1991) .
Besides advanced characteristics, tenrecs have retained conservative physiological and morphological features, e.g., an unstable thermoregulation and a reduced visual sense, the retention of testes within the body cavity, and a cloaca (Gould 1965; Eisenberg and Gould 1970) . The encephalization index of tenrecs is the least among extant mammals, with a sizable bulbus olfactorius and smooth cerebral hemispheres (Stephan et al. 1991) . The forebrain of tenrecs closely resembles that of early mammals in relative size and small neocortex (Kü nzle and Rehkämper 1992; Krubitzer et al. 1997 ). These features lead to the classification of tenrecs as primitive eutherian mammals.
Tenrecs are confined to Madagascar. They become active at dusk and hunt during the night. They search for insects on the ground and in the branches of trees and shrubbery (Eisenberg and Gould 1970) . This lifestyle requires reliable orientation in the dark. Gould (1965) demonstrated the importance of hearing. Furthermore, he suggested that tenrecs are even capable of a crude mode of echolocation. They emit short clicks produced by tongue and lip movements, a technique similar to that utilized by the fruit bat Rousettus aegyptiacus, one of the few megachiropteran bats capable of echolocation (see Koay et al. 1998) . These broadband calls, that cover a frequency range from about 5 to 17 kHz, may improve the nearfield orientation of E. telfairi the night. Unfortunately, to our knowledge there exists no systematic study on the properties of the middle ear and the cochlea of this species.
We investigated the hearing capability of E. telfairi by determining the mechanical frequency processing of the inner ear by means of cochlear distortions. These frequency distortions are produced by a nonlinear amplification process of the inner ear (see, e.g., Dallos 1992) and are propagated back to the tympanum where they can be measured with a sensitive transducer. The distortion product otoacoustic emissions (DPOAE) have become a common tool in hearing research. They reflect general properties of a subject's peripheral auditory processing (Probst et al. 1991; Whitehead et al. 1996; Shera et al. 1998 ) and can be used to predict auditory thresholds (Boege et al. 2002; Gorga et al. 1997) . DPOAE-based auditory threshold curves usually correlate well with behavioral thresholds (Faulstich et al. 1996; Faulstich and Kössl 2000) We determined DPOAE thresholds of the relative sensitivity of nonlinear cochlear mechanics by presenting two pure tones of the primary frequencies f 1 and f 2 and measuring the most prominent cubic distortion product 2f 1 )f 2 . Mechanical tuning properties of the cochlea were derived from isosuppression tuning curves (STC).
Central processing of auditory information was investigated by recording auditory evoked potentials (AEP) in the inferior colliculus (IC) and in the auditory cortex (AC). Almost all auditory information converges in the midbrain auditory center, the IC, with extensive afferent projections to higher and lower auditory nuclei as well as to the motor system (Casseday and Covey 1996) . It plays a direct or indirect role in virtually all sound-related behavior. The IC of different species has been the subject of many studies on central processing of auditory information and is well suited for an interspecies comparison. The neural thresholds of the AC give further information on central auditory processing. The investigation of the auditory capabilities of E. telfairi as a ''basal'' mammal should allow the assessment of evolutionary development of hearing in other eutheria and provide a basis for comparison with Monotremata and Marsupialia.
MATERIAL AND METHODS
A total of 19 adult lesser hedgehog tenrecs (E. telfairi) of both sexes were used in this study. The animals were taken from the breeding colony of H. Kü nzle (Kü nzle 1998). Animal weight varied from 70 to 185 g. This wide range of body weight is related to the seasonal activity pattern of E. telfairi, which undergoes a torpor period from about October to March in this colony. Anesthesia was initiated with Ethrane Ò (by inhalation). During experimentation, the animals were anesthetized with Tribromethanol (TBE, 1.0 ml/100 g BW, IP). The experiments were performed in a sound-attenuated chamber.
Otoacoustic emission measurements DPOAE measurements focused on 11 animals. Anesthesia was necessary to reduce animal movements and thus the risk of tympanic membrane injury caused by the acoustic coupler. A single recording session lasted up to 3 h. A homeothermic blanket was used to maintain the body temperature at about 29°C. The animal's head was fixed with a mouth holder. A closed coupler system, containing three (0.5-in. B&K 4133 microphones that served as loudspeakers and one recording microphone (0.25-in. B&K 4135), was positioned in the animal's meatus close to the eardrum. Two of the speakers were used to transmit the pure-tone stimuli (f 1 and f 2 ). The third optional speaker was used to present a suppressor tone (f 3 ) in the course of suppression tuning curve measurements (STC). A detailed description of the acoustic coupler system is given by Kössl (1994) .
Stimulus generation and data acquisition were controlled by Testpoint programs (Keithley, Cleveland, OH). The pure-tone stimuli (f 1 , f 2 , and optionally f 3 ) were generated on two Microstar (Bellvue, WA) DAP digital signal-processing boards, D/A-converted, and fed to two or three, respectively, GPIBcontrolled attenuators (designed by Jim Hartley, University of Sussex, Brighton), finally amplified and transmitted via the loudspeakers.
The speakers were separately calibrated in situ for frequencies between 1 and 100 kHz. If necessary, these acoustic measurements were repeated during the experiment (following animal head movements). The measured signals were amplified and fed into the A/D input of the DAP boards. The input and output channels of the board were sampled synchronously at 333 kHz per channel. The two primary stimuli f 1 and f 2 were presented at a starting phase of 0°. The starting phase of f 3 was not fixed.
Distortion threshold curves
DPOAEs are elicited by the interaction of two traveling waves on the basilar membrane induced by the simultaneous presentation of two pure-tone stimuli of different frequency (f 1 and f 2 ). In the zone of overlap both oscillations are amplified in a nonlinear way, thus producing frequency distortions. The place of distortion generation in the cochlea appears to be close to the frequency place of f 2 (f 1 < f 2 ; Brown and Kemp 1984). Consequently, we plotted the distortion threshold curve as a function of f 2 . DPOAE threshold curves were measured for f 2 frequencies from 5 to 70 kHz. By keeping f 2 constant and varying f 1 the optimum stimulus separation (best ratio f 2 /f 1 ) was determined, which produced maximum DPOAE levels at low stimulus levels. With the primary tones set at best ratio, growth functions of the 2f 1 )f 2 distortion were measured by stepwise increasing the stimulus levels. The level of f 2 (l 2 ) was set to the level of f 1 (l 1 ) )10 dB, a stimulus condition proven to produce high DPOAE levels in mammals (Brown and Kemp 1984; Probst et al. 1991; Mills 1997) . The level of f 2 sufficient to elicit a DPOAE of )10 dB SPL was defined as threshold criterion. Isodistortion threshold curves reflect auditory sensitivity in mammals as well as in reptiles (Kössl 1992 (Kössl , 1994 Manley et al. 1993; Faulstich et al. 1996; Faulstich and Kössl 1999) .
DPOAE suppression tuning curves
Cochlear tuning properties were obtained by recording DPOAE suppression tuning curves (STC). After adjusting f 1 to the best ratio f 2 /f 1 , stimuli levels were chosen to elicit a 2f 1 ) f 2 DPOAE between )5 to 5 dB SPL. At these levels, DPOAEs were more than 6 dB above the noise level and were sufficiently robust for suppression experiments. A pure-tone f 3 , which was not phase fixed with respect to the stimuli, was presented simultaneously with the f 1 and f 2 stimuli via the third loudspeaker to suppress the DPOAE. For each primary stimulus pair, a large range of f 3 frequencies was tested. The f 3 level was increased in 5 dB steps and the DPOAE level was measured. The f 3 level sufficient to reduce the OAE by 6 dB was plotted as a function of the f 3 frequency to derive the tuning curve (e.g., Brown and Kemp 1984; Martin et al. 1987) . The separation of f 3 from the stimulus frequencies and to the DPOAE frequency was at least 200 Hz to avoid direct interaction of the tones. From the STC the best frequency (BF), i.e., the frequency of the absolute minimum of the STC, the threshold at BF, and the Q 10dB were determined.
DPOAE group delay
Evoked otoacoustic emissions have a certain latency relative to the onset of the stimuli. In the case of DPOAEs, this latency is thought to depend on the cochlear traveling times and on the delay of the distortion generation. It is difficult to determine the latency from measurements in the time domain since stimuli and DPOAEs largely overlap. However, the phase of the DPOAE can be used to measure the ongoing transmission delay of DPOAEs. Specifically, the gradient of DPOAE phase (ph) versus DPOAE frequency (f) defines the group delay, which is the ongoing delay of the main emission wave front (e.g., Kimberley et al. 1993) . The magnitude of the group delay of DPOAEs is a measure of the travel time and depends on the stimulus paradigm used (O'Mahoney and Kemp 1995; Whitehead et al. 1996) . To gain information on cochlear traveling times and under the assumption that the 2f 1 )f 2 distortion is generated at the f 2 representation site (e.g., Brown and Kemp 1984), the frequency of f 2 was fixed and f 1 was shifted to lower frequencies. The corresponding level and the phase of the 2f 1 ) f 2 DPOAE were measured for different f 2 frequencies and at a number of stimulus levels. The measured phase of the DPOAE was corrected for the stimulus phases according to Mills and Rubel (1997) . After unrolling phase transitions from -180°to +180°by subtracting 360°, the mean group delay ()Dph/Df * 360°) was calculated over the frequency range for which the DPOAE level reached its maximum. The group delay values were plotted as a function of f 2 .
Neurophysiological recording
We recorded AEPs of E. telfairi in eight specimens over a stimulus frequency range of 2-80 kHz. For surgery, the animal's head was stabilized with a mouth holder and two ear pins. The pedal withdrawal reflex served as a measure for the state of anesthesia. An incision along the midsaggital plane of the skull was made and the tissue was pushed laterally with a retractor. A metal pin was glued to the midline of the skull with dental cement. This pin served to attach the animal to the stereotactic device (see Schuller et al. 1986 ). When the animal was placed in the experimental setup, its position was aligned along three axes to achieve a standard position. A reference point on the surface of the skull (hemispheric divergence, hd) was defined. The penetration point was located relative to this mark. For each electrode penetration, a small hole was drilled into the skull.
Tungsten electrodes were used for AEP recording (impedance <2 MX). The signal was amplified [Bioamp Headstage HS4; Tucker Davis Technologies (TDT), Gainesville, FL, Bioamp controller DB4], band pass filtered (TDT Bioamp controller DB4; Spike Conditioner PC1), monitored on an oscilloscope (Hameg HM 1007), and fed via a custom-made interface to a PC for analysis. Usually 20 passes per stimulus presentation were averaged.
Pure-tone stimuli were used to determine the neural response. The presentation interval was 500 ms and the stimulus duration was 200 ms. The rise/ fall time was set to 3 ms. The stimuli were generated on an array processor card (TDT AP2), D/A-converted (TDT DA3-2), and fed to an anti)aliasing filter (TDT FT5). The stimulus level was set with two programmable attenuators (TDT PA4) connected in series. The stimuli were amplified (Rotel Power Amplifier RB 951, Rotel, North Reading, MA) and transmitted to the calibrated loudspeaker, which was positioned at a distance of 25 cm, aimed to the center of the pinna at an angle of 45°contralateral to the neurophysiological recording side. The sound system was calibrated in the recording setup, where a 0.25-in. B&K microphone was placed instead of the animal at the position of the tympanum to record the frequency response of the loudspeakers. The frequency response of the used speaker was flat within ±10 dB for frequencies between 10 to 80 kHz. Harmonic distortions of the speaker for the stimulus frequencies used were at least 40 dB below the level of the pure-tone stimulus and therefore did not produce artefacts. Stimulus presentation, signal recording, and averaging were controlled by a timing generator (TDT TG6). The threshold of the AEP was determined as that stimulation level at which the averaged neuronal response was no longer distinguishable from the noise floor. The level resolution was set to 5 dB.
RESULTS

Distortion threshold curves
The distortion thresholds were determined for f 2 frequencies from 5 to 70 kHz (Fig. 1) . The best frequency ratios (f 2 /f 1 ) resulting in highest levels of 2f 1 ) f 2 ranged from 1.11 to 1.29. No significant correlation between the best frequency ratio and f 2 could be found. The threshold curve of E. telfairi is broadly tuned with a shallow low-frequency and a steeper high-frequency flank. It ranges from about 5 to 50 kHz (at 40 dB SPL). Below 5 kHz no DPOAE could be elicited, even with primary f 2 levels of 70 dB SPL. The minimum of the average distortion threshold was between 10 and 30 kHz at f 2 levels of approximately 20 dB SPL. The large variability of the threshold data may partly be caused by physiological changes that are linked to variations of general activity of the animal.
Suppression tuning curves
The isosuppression tuning curves (STC) measured in the tenrec display an almost symmetrical shape with the low-frequency flank only slightly shallower than the high-frequency flank. Frequency tuning sharpness was low to moderate with Q 10dB values ranging from 1.7 to 8. The minimum was close to f 2 for all STCs at f 2 < 30 kHz (Fig. 2) , suggesting that the generation of DPOAE takes place near the f 2 place on the basilar membrane like in other mammals (e.g., Brown and Kemp 1984). For f 2 > 30 kHz, the minimum of the STCs determined in one individual did not correlate with f 2 anymore but stayed around 30-35 kHz (Fig. 2f) . This was also found in the opossum for f 2 frequencies around 45 kHz (Faulstich et al. 1996) . The best frequency ratios (f 2 /f 1 ) resulting in highest levels of 2f 1 ) f 2 ranged from 1.11 to 1.33 in this animal. There was no correlation between the best frequency ratio and the Q 10dB value.
Group delay
When f 2 is held constant and f 1 is lowered in small steps, 2f 1 ) f 2 DPOAEs can be measured for a wide   FIG. 1 . DPOAE threshold curve from 5 to 70 kHz for E. telfairi. The level of f 2 (l 2 ; l 2 = l 1 ) 10 dB) sufficient to generate a 2f 1 ) f 2 DPOAE of )10 dB SPL is plotted as a function of the f 2 frequency. The best frequency ratios (f 2 /f 1 ) resulting in highest levels of 2f 1 ) f 2 ranged from 1.11 to 1.29. No significant correlation between the best frequency ratio and f 2 could be found. Means (filled circles) and standard deviations (error bars) are shown.
range of f 1 frequencies. The DPOAE phase changes regularly with each f 1 step and a rather constant group delay value results, indicating the slope of the phase gradient. The group delay was averaged over as many points as possible (at least 15 points) for which a continuous phase was present (for a detailed methodological description, see Faulstich and Kössl 2000) .
The group delay was measured in a single individual of E. telfairi where large distortions could be elicited over a wide frequency range. The stimulus level was at least 6 dB above distortion threshold levels. The mean group delay decreased with increasing f 2 . It was highest (2.23 ms) for f 2 = 5 kHz and drops to a minimum of 0.17 ms for f 2 = 40 kHz. The course of the mean group delay is similar to those measured in the gerbil and the opossum with the same experimental setup (Fig. 3) .
Neurophysiological thresholds
Auditory evoked potentials from a total of 22 electrode penetrations in eight animals were analyzed to determine the neurophysiological threshold of E. telfairi in the IC. In the presumed AC, 24 electrode penetrations in six animals were conducted. Frequencies from 2 to 80 kHz were tested comprising E. telfairi's hearing range as determined in the preceding otoacoustic experiments. The penetration loci in the IC were distributed over the whole nucleus including rostral, central, caudal, and lateral parts (see Fig. 4a ) at different penetration depths (covering the whole dorsoventral extension of the IC of 3000 lm). The shape as well as the absolute sensitivity of individual EP thresholds was rather similar across penetrations, indicating that the electrodes used did not locally discriminate and yielded a gross response covering the entire IC (Fig. 4b) . Control measurements adjacent to the IC did not elicit responses to auditory stimuli.
Similar to the threshold determined by DPOAE measurements, the neurophysiological response extends to ultrasonic frequencies (Fig. 5) . The range of FIG. 2. DPOAE isosuppression tuning curves from one animal. The level of f 3 necessary to suppress 2f 1 ) f 2 by 6 dB is plotted as a function of the frequency of f 3 . Circles represent the frequency and level of the primaries. The STC's Q 10dB values are shown in the lower left of each panel. For f 2 frequencies greater than 30 kHz, the minimum of the STCs no longer follows the primary frequencies. The f 2 frequency is indicated at the top of the corresponding panel. The best frequency ratios (f 2 /f 1 ) resulting in highest levels of 2f 1 )f 2 ranged from 1.11 to 1.33. There was no correlation between the best frequency ratio and the Q 10dB value. The level of f 2 was set to the level of f 1 -10 dB.
FIG. 3.
The group delay (ms) of the distortion product as a function of frequency (kHz) of the tenrec (solid line). For comparison, data from the gerbil (dashed line) and the opossum (dotted line) are shown. To determine the group delay, f 2 was held constant while f 1 was decreased in small steps. For each f 1 step, the 2f 1 ) f 2 DPOAE level and its phase was determined as a function of the 2f 1 ) f 2 frequency. Fromthe change in DPOAE phase relative to the change in frequency, the mean group delay values were calculated over all values for which the ratio curve was at least 6 dB above noise floor.
best sensitivity both in the IC and the AC is found between 8 and 20 kHz with a threshold minimum of about 10 dB SPL (IC) or 5 dB SPL (AC), respectively, at 16 kHz. In comparison to the DPOAE data, the threshold curve of AEP is slightly shifted to lower frequencies. The lower)frequency range measured with AEPs extends to 2-3 kHz in comparison to 5 kHz for the DPOAE thresholds. For frequencies above 20 kHz, the neurophysiological threshold consistently increases, reaching the upper limit at about 30 kHz (at 40 dB SPL). Thus, IC and AC thresholds are tuned to lower frequencies and the distortion product threshold is more broadly tuned than the neurophysiological response.
DISCUSSION
The auditory range of E. telfairi extends to ultrasonic frequencies with a broad threshold minimum. The frequency range of this region differs, depending on whether the ascending auditory pathway was investigated at a peripheral or a central position. The DPOAE threshold curve is plotted as a function of f 2 frequency since the cubic distortions products, which provide the basis for the threshold curves, are generated close to the f 2 frequency place (e.g., Brown and Kemp 1984) . It reveals a frequency range of minimum thresholds between 10 and 35 kHz (Fig. 1 ). The associated f 2 level sufficient to elicit distortions is slightly below 20 dB SPL. The threshold ranges from about 5 to 50 kHz (at 40 dB SPL).
The thresholds based on AEPs, recorded in the IC and the AC, reveal a low-frequency limit of 2-3 kHz. At frequencies above 25 kHz, the neuronal auditory sensitivity decreases steeply with increasing frequency (Fig. 6 ). The differences among otoacoustic and neurophysiological thresholds at low frequencies are also found in other mammals, e.g., in the gerbil Meriones unguiculatus (Faulstich and Kössl 2000) , in the rhesus monkey Macaca mulatta (Lasky et al. 1999) , in the Echidna (Tachyglossus aculeatus; Mills and Shepherd 2001), and in the opposum (Monodelphis domestica; Faulstich et al. 1996) . In these species the course of neurophysiologically measured threshold curves extends to lower frequencies than that of DPOAE thresholds (see also Fig. 7) . In general, differences between DPOAE measurements made with a closed system and free-field neurophysiological data might be caused by a notch in the head related transfer function (HRTF) or an antiresonance in the free-field system. Nevertheless, neurophysiological and DPOAE data from the Echidna (Fig. 7) were both obtained under closed-field conditions, but still reveal differences comparable to the ones found in the tenrec, suggesting that the arguments given above might contribute to these differences, but may not be the sole source. Differences between DPOAE and neurophysiological data seem to be a general feature found in a wide range of mammals and suggest an intrinsic difference between neuronal and otoacoustic emission responses, which might be related to the suggestion that DPOAEs reflect the activity of the cochlear amplifier, whereas neuronal threshold curves are further shaped by additional processes in the ascending auditory pathway. When assessing the difference between DPOAE and neurophysiological data, one needs to keep in mind that the middle ear has more influence on the DPOAE than on neurophysiological measures. In the gerbil, it may act as a high-pass filter, thus altering the measurable distortion product in the ear canal (Faulstich and Kössl 1999) . However, since E. telfairi is much less sensitive for low frequencies than the gerbil, middle-ear highpass filtering seems to be less important. The neurophysiological range is shifted toward lower frequencies with an area of highest sensitivity between 10 and 16 kHz. In addition to the suggestion made above, this might also be related to the auditory gain originating from the pinna, since it is known that in other species, depending on the size of the pinna, amplification effects are most prominent at frequencies ranging from about 2.5 to 30 kHz (e.g., Murphy and Davis 1998; Guppy and Coles 1988; Coles and Guppy 1986; Jen and Chen 1988) and can amount to values as much as 20 dB. As the DPOAEs were measured directly at the eardrum, pinna effects are excluded in these measurements. The neurophysiological data reveals an upper limit of about 30 kHz (at 40 dB SPL), associated with a sharp high-frequency cutoff, corresponding to more than 30 dB/octave. Despite the relatively high standard deviations, the AEP highfrequency threshold is up to 30 dB above that of the concomitant DPOAE threshold.
The peripheral tuning, determined by isosuppression tuning curves (STC), displays an almost symmetrical shape. Q 10dB values of 1.7-8 reveal a low to moderate frequency tuning (Fig. 2) . The minimum was close to f 2 for frequencies below 30 kHz. Consequently, like in other mammals, the distortion generation most probably took place near the f 2 position. For frequencies above 30 kHz, the minimum in STC was not correlated to f 2 but stayed around 30-35 kHz (Fig. 2f) . The same response characteristics were also found in the opossum Monodelphis domestica at f 2 frequencies around 45 kHz and may indicate the end of frequency representation in the cochlea (Faulstich et al. 1996) , which is further supported by the steep increase of the distortion threshold at high frequencies.
Evoked otoacoustic emissions have a certain latency relative to the onset of the stimuli. In the case of DPOAEs, this latency is thought to depend on the cochlear traveling times and on the delay of the distortion generation. Thus, the calculation of the group delay, expressed as the gradient of DPOAE phase versus DPOAE frequency, can give information about the peripheral frequency representation and specializations in cochlear mechanics.
The mean group delay of E. telfairi decreases with increasing f 2 from 2.23 ms at 5 kHz to 0.17 ms at 40 kHz (Fig. 3) . The course of the mean group delay (Fig. 3) is similar to those of the gerbil (Faulstich and Kössl 2000) and the opossum. The minimum values are almost identical for the three species for f 2 frequencies greater than 10 kHz. For lower frequencies, the mean group delay reaches similar values for different frequencies and seems to be correlated to the lower flank of the threshold. The lack of discontinuity in the group delay reveals that the peripheral frequency representation is tonotopic without any region of enhanced mechanical tuning.
Both the range and the shape of the threshold of E. telfairi correspond well to the typical mammalian pattern. Nevertheless, the comparison within eutherian mammals reveals differences in low-frequency auditory processing. When investigating the low-fre- (2001) found a bimodal distribution with species sensitive to frequencies below 125 Hz being separated from those with a low-frequency limit above 500 Hz. Nevertheless, there is no obvious morphologic, phylogenetic or ecological parameter that allows a distinction between members of these two groups. A similar divergence is found in rodents. Restricted lowfrequency processing is found, for example, in the spiny mouse (Acomys cahirinus), whereas the chipmunk (Tamias striatus), the groundhog (Marmota monax), the hamster (Mesocricetus auritus), the chinchilla (Chinchilla chinchilla), and the gerbil (Meriones unguiculatis) belong to the ''low-frequency '' group (Heffner and Heffner 1991; Faulstich and Kössl 1999; Heffner et al. 2001 ). The low-frequency limit apparently depends on features that are not primarily related to a species phylogeny. Anatomical investigations of the cochlea indicate that, concerning its acoustic sense, E. telfairi is a generalist without any obvious specializations (M. Vater, personal communication).
When compared with eutherians, marsupials are still considered ''primitive,'' although they successfully adapted to a wide range of different lifestyles. These adaptations certainly include the auditory system. The middle ear and the inner ear as well as the neuronal organization and connectivity were studied in representatives and found to be rather similar to those of eutherians (Willard and Martin 1983; Muller et al. 1993; Aitkin 1995) . The hearing capabilities of the echidna, Tachyglossus aculaetus (Monotremata), are found to be midway between mammals and birds (Mills and Shepherd 2001) . This species resembles E. telfairi in both appearance and lifestyle. Tachyglosssus' internal temperature is relatively low (<32°C) for mammals, and it possesses a cloaca. Its acoustic sensitivity, investigated by DPOAE and auditory brainstem responses, is best in a frequency range of 4-8 kHz and the absolute threshold values are compar- able to that of eutherian mammals (Fig. 7) . However, the effective auditory range comprises only 3 octaves, and the high-frequency limit of T. aculaetus is restricted to frequencies unusually low for mammals. The auditory range of E. telfairi with a high-frequency limit of 40 kHz and a frequency range of only 4 octaves resembles that of T. aculaetus. Mammals typically are able to perceive frequencies up to 30-50 kHz. Specialists extend this range to beyond 100 kHz. Even in birds with a specialized auditory system, the hearing range is restricted to frequencies below 12 kHz (for review, see Manley 1990) .
Variations in high-frequency hearing have been attributed to the evolutionary pressure involving sound localization, as a species' high-frequency hearing limit varies inversely with interaural distance. Mammals with small heads and ears need to hear higher frequencies to use interaural intensity differences and pinna cues for sound localization than larger mammals (Heffner et al. 2001) . Early mammals are supposed to have been insectivore-like, with small heads and a good high-frequency hearing (Popper and Fay 1997) . Apparently, E. telfairi, with an auditory threshold comprising about 4 octaves, including restricted low-frequency hearing, a high-frequency limit at about 40 kHz, and a moderate sensitivity in the range of best hearing between about 10 and 16 kHz, complies with eutherian ancestors.
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